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RNA localization is important for the establishment and maintenance of polarity in multiple cell types. Localized RNAs are usually transported along microtubules or actin filaments 1 and become anchored at their destination to some underlying subcellular structure. Retention commonly involves actin or actin-associated proteins [2] [3] [4] [5] [6] [7] , although cytokeratin filaments and dynein anchor certain RNAs 8, 9 . RNA localization is important for diverse processes ranging from cell fate determination to synaptic plasticity; however, so far there have been few comprehensive studies of localized RNAs in mammalian cells. Here we have addressed this issue, focusing on migrating fibroblasts that polarize to form a leading edge and a tail in a process that involves asymmetric distribution of RNAs [10] [11] [12] . We used a fractionation scheme 13 combined with microarrays to identify, on a genome-wide scale, RNAs that localize in protruding pseudopodia of mouse fibroblasts in response to migratory stimuli. We find that a diverse group of RNAs accumulates in such pseudopodial protrusions. Through their 39 untranslated regions these transcripts are anchored in granules concentrated at the plus ends of detyrosinated microtubules. RNAs in the granules associate with the adenomatous polyposis coli (APC) tumour suppressor and the fragile X mental retardation protein (FMRP). APC is required for the accumulation of transcripts in protrusions. Our results suggest a new type of RNA anchoring mechanism as well as a new, unanticipated function for APC in localizing RNAs.
To identify on a genome-wide scale RNAs that are enriched at the leading edge of migrating cells, we used a fractionation method in which cells are plated on a microporous filter and then induced to polarize and extend pseudopodial protrusions in response to a migratory stimulus. Pseudopodia and cell bodies are then physically isolated and their contents compared 13 . We isolated pseudopodia and cell body fractions from NIH/3T3 cells extending protrusions in response to a chemotactic (lysophosphatidic acid, LPA) or a haptotactic (fibronectin) stimulus (Fig. 1a, b and Supplementary Fig.  1a ). The quality of the fractionation was assessed by immunoblotting for activated focal adhesion kinase (FAK, phosphorylated at Y397), which is concentrated at the leading edge during migration 13, 14 . Activated FAK was enriched in the pseudopodial fraction ( Supplementary Fig. 1b ), whereas total FAK and Ran were not. Total RNA from pseudopodia and cell body fractions was hybridized on Affymetrix GeneChip arrays, which analyse the expression level of over 39,000 transcripts. The resulting signals were processed to identify transcripts that show an asymmetric distribution.
About 50 RNAs were significantly enriched in pseudopodia in response to both migratory stimuli (Supplementary Table 1 ). This enrichment was verified by quantitative polymerase chain reaction with reverse transcription (RT-PCR; Fig. 1c ) and real-time RT-PCR ( Supplementary Fig. 1c ) analyses of representative RNAs. Notably, these RNAs did not include b-actin or Arp2/3 subunit transcripts, which have been previously observed at lamellipodial regions 10, 12 , possibly because in some cell types these RNAs accumulate at the leading edge in only a small percentage of cells 15 . Most transcripts enriched in pseudopodia encode proteins with various functions, ranging from membrane traffic to cytoskeletal organization, signalling, microtubule-based transport and RNA metabolism, as well as a number of uncharacterized proteins (Supplementary Table 1 ). However, comparison of the primary structure of these transcripts did not reveal any readily identifiable motifs shared among them, suggesting that potential localization signals are probably defined by a combination of primary structure and higher order structure, as is common for most localized RNAs 16 . To dissect the localization mechanisms, we focused on the Rab13 and plakophilin 4 (Pkp4) messenger RNAs, which both showed robust localization. First, we expressed in NIH/3T3 cells the Rab13 gene encompassing the whole open reading frame and 39 untranslated region (UTR) (Fig. 2a) . A Flag tag at the 59 end was used to distinguish the exogenous mRNA from endogenous transcript. Transfected cells were induced to extend pseudopodial protrusions in response to LPA, and pseudopodia and cell body fractions were isolated. RT-PCR analysis revealed that, like the endogenous Rab13 mRNA, the reporter transcript was enriched in pseudopodia (Fig. 2b) . Pseudopodial enrichment was abolished by replacement of the 39 UTR of the Rab13 gene with the corresponding region from the non-localized RhoA gene. Moreover, the non-localized b-globin mRNA was recruited to pseudopodia when attached to the Rab13 39 UTR (Fig. 2a, b) . All exogenous RNAs were expressed at similar levels, close to the expression level of the endogenous Rab13 mRNA ( Supplementary Fig. 2a, b) , and in all experiments the distribution of the endogenous Rab13 mRNA was determined in parallel, to ensure the reproducibility of the fractionation (data not shown). We conclude that the Rab13 39 UTR is necessary and sufficient to direct RNA accumulation in pseudopodia.
To visualize the localization pattern conferred by the Rab13 39 UTR, we used the MS2 system 17 . The MS2 bacteriophage coat protein binds with high affinity to RNA elements, multiple repeats of which are introduced into a reporter transcript. MS2 is fused to green fluorescent protein (GFP) and carries a nuclear localization signal to force accumulation in the nucleus. When co-expressed, the MS2-GFP binds to the reporter RNA and accompanies it to the cytoplasm, thus providing indirect detection of reporter RNA distribution in the cytoplasm of live cells.
Twenty-four repeats of the MS2-binding site were introduced into the b-globin gene downstream of the coding region, followed by different 39 UTR sequences (Fig. 2c) . These constructs were coexpressed with MS2-GFP and fluorescence was monitored in live cells during spreading on a fibronectin-coated surface. Cells expressing b-globin mRNA with control 39 UTRs derived from the vector or from two non-localized mRNAs, Rac1 and RhoA, exhibited diffuse fluorescence throughout the cytoplasm. The GFP signal overlapped entirely with the fluorescence from co-transfected mRFP protein, used as a diffuse cytosolic marker (Fig. 2d , bottom panels, and e, constructs b-globin-24bs/2, b-globin-24bs/Rac1 and b-globin24bs/RhoA). In contrast, in a large proportion of the cells that expressed a b-globin mRNA carrying the Rab13 39 UTR, GFP was concentrated in granules at the tips of protrusions (Fig. 2d , arrows, top panels, and e, construct b-globin-24bs/Rab13). Granular accumulation did not result from differences in expression levels, as all RNAs were expressed at similar amounts ( Supplementary Fig. 2c ). Furthermore, the signal was dependent on the presence of the 24 MS2-binding sites in the mRNA (Fig. 2e , construct b-globin-0bs/ Rab13), confirming that it reflects the distribution of the transfected RNA. Significantly, a similar localization was conferred by the 39 UTR of Pkp4 (Fig. 2d , e, construct b-globin-24bs/Pkp4). Therefore, certain 39 UTRs can direct RNAs to granules at the tips of protrusions, and this property is shared among mRNAs enriched in pseudopodia.
When imaged over time, the localized RNA granules are relatively stationary (Supplementary Movie 1) and appear and disappear with surprisingly slow kinetics ( Supplementary Fig. 3 ). This stable accumulation of RNAs could represent either the steady state of a dynamic movement of RNA molecules to and from the granules, or result from sequestration into some cellular structure. To distinguish between these possibilities, we performed fluorescence recovery after photobleaching (FRAP). Because the RNA granules vary in size (see Fig. 2d and Supplementary Fig. 3 ), we focused, for these experiments, on the smaller granules of approximately 1-2 mm in diameter. Whereas bleaching of the fluorescence signal in internal cytoplasmic areas was followed by rapid recovery (Fig. 3a) , bleaching of the localized RNA granules was followed by very slow fluorescence recovery ( Fig. 3a and Supplementary Movies 2 and 3), indicating that the transcripts present in these granules are stably associated/ anchored in these structures and do not exchange rapidly with free cytoplasmic RNA molecules.
To gain insight into the identity of the structures that anchor transcripts at the tips of protrusions, the localized RNAs were expressed together with fluorescently tagged markers of various cellular structures. The RNA granules did not co-localize significantly with DCP1-containing P-bodies, focal adhesions ( Supplementary  Fig. 4a , c, d), cortical actin or actin stress fibres ( Supplementary  Fig. 4b ). Notably, the granules appeared to be associated with microtubules, visualized through expression of RFP-tubulin, and were specifically concentrated at their plus ends ( Fig. 3b and Supplementary Fig. 5 ). Consistent with a microtubule association, the RNA granules largely disappeared when cells were treated with the microtubule-depolymerizing agent nocodazole ( Fig. 3d and Supplementary Fig. 6b ), at concentrations that do not affect the actin cytoskeleton ( Supplementary Fig. 6a ). In contrast, the presence of RNA granules was not affected when the actin cytoskeleton was disrupted by cytochalasin D (Fig. 3d and Supplementary Fig. 6a, b) . Notably, brief treatment with nocodazole significantly reduced the pseudopodial enrichment of four different endogenous localized RNAs (Fig. 3e) , without affecting the overall integrity and number of protrusions ( Supplementary Fig. 6c ). We conclude that association with microtubule plus ends is a property shared by multiple RNAs found in pseudopodia.
The fact that the RNA granules remain stationary over several minutes (Supplementary Movie 1) suggested that the microtubules with which they associate do not exhibit dynamic instability. Indeed, the RNA granules did not co-localize significantly with EB1-RFP or RFP-CLIP170 ( Supplementary Fig. 7a, b) , two plusend tracking proteins known to associate with plus ends of dynamic microtubules 18, 19 . Furthermore, FRAP analysis on protrusions of EB1-GFP-expressing cells showed that, in contrast to the RNA granules, EB1 is highly dynamic with fluorescence recovering after a few seconds ( Supplementary Fig. 8a and Supplementary Movie 4) . Therefore, we tested whether the RNA granules associate specifically with the plus ends of stable microtubules, which are marked by posttranslational modifications of tubulin. Although the RNA granules were not attached to acetylated microtubules ( Supplementary Fig.  9a ), they did associate with the plus ends of detyrosinated microtubules (Glu-microtubules) ( Fig. 3c and Supplementary Fig. 9b ). Glu-microtubules do not significantly grow or shrink over a period of minutes 20 , in agreement with the dynamics of the RNA granules we observe.
APC is an unusual plus-end tracking protein that associates with only a minority of microtubules, and it has been observed in particular at the plus ends of Glu-microtubules 21 . In migrating cells APC is attached to a subset of the microtubules growing into protrusions towards the leading edge 22, 23 . When NIH/3T3 cells were induced to LETTERS spread on a fibronectin-coated surface, we found that GFP-APC was mainly concentrated in granules at the tips of protrusions, reminiscent of the distribution exhibited by the localized RNAs ( Supplementary Fig. 10a, arrows) . Indeed, co-expression of a localized reporter RNA with APC tagged with three copies of orange fluorescent protein (33OFP-APC) revealed that .90% (n 5 80) of the RNA granules at the tips of protrusive areas co-localize with APC (Fig. 4a, arrows and Supplementary Fig. 10b ). Furthermore, FRAP analysis showed that APC present in granules is stably anchored there, exhibiting a very slow exchange rate ( Supplementary Fig. 8b and Supplementary Movie 5). Taken together, these data strongly suggest that APC and the localized RNAs are part of the same complex.
To test this hypothesis, we asked if these RNAs bind specifically to endogenous APC. Indeed, APC co-immunoprecipitated with both Rab13 and Pkp4 mRNAs (Fig. 4b and Supplementary Fig. 11a ). Importantly, under high stringency conditions, APC associated preferentially with RNAs enriched in pseudopodia ( Supplementary  Fig. 11b, c) . Moreover, APC also bound the cytoplasmic poly(A)-binding protein (PABP1). This association was specific as neither Ran ( Supplementary Fig. 11a ) nor importin-b (data not shown) was detected. Furthermore, interaction of APC with PABP1 was disrupted by pre-treatment with RNase, indicating that it is mediated through RNA (Fig. 4b, c) . We also found that APC associates with FMRP (Fig. 4b) , a known translational regulator of localized RNAs in other systems 24, 25 . FMRP co-localized with the RNA granules at tips of protrusions and co-precipitated with endogenous localized mRNAs (Fig. 4d, e) . We conclude that APC is a component of RNP complexes that contain localized RNAs, PABP1 and FMRP.
To test directly whether APC mediates anchoring of the localized RNAs, we knocked down APC expression using short-hairpin RNAs (shRNAs) (Fig. 4f and Supplementary Fig. 12a, b) . Knockdown of APC did not significantly affect the ability of cells to extend protrusions (see Supplementary Figs 13 and 14 , and data not shown), but reduced both the enrichment of the endogenous Rab13 and Pkp4 transcripts in pseudopodia as well as the localization of the MS2 reporter RNA in protrusions (Fig. 4f, g ). It is unlikely that this effect of APC on RNA localization is mediated indirectly through the effects of APC on transcription or microtubule dynamics. APC knockdown does not affect the steady-state levels of localized RNAs (data not shown) and, consistent with previous reports 26, 27 , it does not affect the overall microtubule organization or the presence of Glu-microtubules ( Supplementary Fig. 13 ). APC knockdown did affect the organization of acetylated microtubules, causing more cells to exhibit short acetylated microtubules (Supplementary Figs 14 and  ref. 26) . However, RNA granules are not associated with acetylated microtubules (Supplementary Fig. 9a ) and can form in cells with short acetylated microtubules ( Supplementary Fig. 9a , middle panels). Thus, we conclude that APC is directly required for accumulation and anchoring of RNAs in protrusions.
This study provides the first genome-wide identification of asymmetrically distributed RNAs in fibroblasts. We show that, in response to migratory stimuli, .50 mRNAs accumulate in cellular protrusions of fibroblasts, revealing that even in less differentiated polarized cells, RNA localization mechanisms are widely used. Several RNAs have also been recently reported to associate in vitro with mitotic microtubules, but the mechanism is unknown 28 . Our data suggest a novel anchoring mechanism in which specific RNAs accumulate in stable granules at the plus ends of Glu-microtubules. The tumour suppressor protein APC has an essential role in this plusend anchoring mechanism, and associates both with RNA-binding proteins and with specific RNAs. The disruption or loss of function of APC affects both polarization and cell migration 26, 29, 30 , and we speculate that at least some of the effects of this tumour suppressor are mediated through its ability to anchor mRNAs at the tips of cellular protrusions.
METHODS SUMMARY
Pseudopodia and cell body isolation. To isolate pseudopodia and cell bodies in response to LPA, we followed the protocol described by ref. 13 with some modifications. Specifically, LPA was added in the bottom chamber for 1 h and the cells were fixed with 0.3% methanol-free formaldehyde (Polysciences, Inc.). Pseudopodia and cell bodies were scraped into crosslink reversal buffer (100 mM Tris pH 6.8, 5 mM EDTA, 10 mM dithiothreitol and 1% SDS), the extracts were incubated at 70 uC for 45 min and used for protein and RNA isolation. To isolate pseudopodia and cell bodies in response to fibronectin, cells were placed in serum-free media in the upper compartment of a Transwell insert equipped with a 3-mm porous polycarbonate membrane whose underside only was coated with 5 mg ml 21 fibronectin. Cells were allowed to extend pseudopodial protrusions for 1 h and were subsequently fixed and processed as described above. RNA isolation and analysis. RNA was isolated using Trizol LS reagent (Invitrogen) and contaminating DNA was removed by treatment with RQ1 DNase (Promega) for 30 min at 37 uC. One microgram of RNA was reverse transcribed using SuperscriptII Reverse Transcriptase (Invitrogen) and random hexamer primers, according to the manufacturer's instructions. cDNA was used for PCR reactions in a GeneAmp PCR System 9700 (Applied Biosystems). Microarray analysis. Biotin-labelled cRNAs were generated from total RNA of pseudopodia and cell body fractions and were hybridized to GeneChip Mouse Genome 430 2.0 arrays (Affymetrix). Details about the RNA preparation and hybridization protocols can be found at http://www.healthsystem.virginia.edu/ internet/biomolec/microarray.cfm. Results were analysed using the GeneChip Operating Software (GCOS) platform or the dChip software (http://www. dchip.org). Complete lists of RNAs significantly enriched in pseudopodia or cell bodies are presented in Supplementary Tables 2 and 3 .
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. , respectively, were digested with NotI and NheI (to remove the fragment containing the 24 MS2-binding sites), the ends were blunted with T4 DNA polymerase and re-ligated. To generate constructs Rab13/Rab13 and Rab13/RhoA, the genomic sequence containing the coding exons and intervening introns of the Rab13 gene was PCR amplified from mouse genomic DNA with primers introducing an EcoRI site at the 59 end and a KpnI site at the 39 end. A Flag tag was ligated at the EcoRI site in frame with the Rab13 ORF. The Rab13 39 UTR or the RhoA 39 UTR were ligated at the KpnI site through blunt-end ligation. The two resulting fragments were ligated into pEGFP-C1 vector from which the GFP sequence had been previously removed.
The plasmid pcNMS2, containing an oligomerization-defective MS2 coat protein mutant, was provided by J. Lykke-Andersen. The GFP sequence was PCR amplified from plasmid pEGFP-N3 (Clontech) with primers introducing BamHI and XhoI sites and was ligated at the XhoI site with oligonucleotides containing the SV40 large T-Ag NLS. The GFP-NLS fragment was ligated into the BamHI and NotI sites of pcNMS2 to generate the pcNMS2-GFP-NLS plasmid expressing the MS2-GFP protein. RFP-tubulin was generated from pEGFP-tubulin (Clontech) by replacing the NheI/XhoI GFP fragment with a PCR-amplified fragment of mRFP. To generate EB1-GFP and EB1-RFP expressing plasmids, the mouse EB1 cDNA was amplified by RT-PCR from total NIH/ 3T3 RNA with primers introducing a KpnI site at the 59 end and a BglII site at the 39 end. The EB1 fragment was either ligated into KpnI/BamHI sites of pEGFP-N3 or into KpnI/XhoI sites of pcDNA3 (Invitrogen) together with a BglII/XhoI PCR-amplified fragment of mRFP. The plasmid expressing GFP-APC was provided by I. Nathke. The SacI/BamHI APC fragment was ligated with a NheI/SacI fragment containing three copies of OFP (generated through sequential PCR amplification and ligation of individual OFP fragments) into the XbaI and BamHI sites of pKH3 to generate plasmid 33OFP-APC. To generate RFP-FMRP, a plasmid expressing GFP-FMRP was used (provided by R. Darnell) and the NheI/SacI fragment, encoding GFP, was replaced with a NheI/SacI PCR-amplified fragment of mRFP. To generate Flag-FMRP, the SacI/EcoRI fragment encoding FMRP (from the RFP-FMRP plasmid) was ligated together with a NheI/SacI fragment encoding the Flag tag into the XbaI/EcoRI sites of pKH3. To generate RFP-DCP1B, a plasmid expressing Flag-DCP1B was used (provided by J. Lykke-Andersen). The BamHI (blunted with T4 DNA polymerase)/NotI fragment encoding human DCP1B was ligated with a HindIII/ NdeI (blunted with T4 DNA polymerase) fragment of mRFP into HindIII and NotI sites of pcDNA3.
For knockdown experiments, oligonucleotides were synthesized targeting different regions of the mouse Apc mRNA. Sequences of the oligonucleotides are as follows: shAPC 2 sense oligonucleotide, 59-GATCCCCGAATCAACCAGGC-ATAATATTCAAGAGATATTATGCCTGGTTGATTCTTTTTGGAAA-39 and shAPC 2 antisense oligonucleotide, 59-AGCTTTTCCAAAAAGAATCAACCA-GGCATAATATCTCTTGAATATTATGCCTGGTTGATTCGGG-39; shAPC 4 sense oligonucleotide, 59-GATCCCCTAAGTGATCTGACAATAGATTCAAG-AGATCTATTGTCAGATCACTTATTTTTGGAAA-39 and shAPC 4 antisense oligonucleotide, 59-AGCTTTTCCAAAAATAAGTGATCTGACAATAGATCT-CTTGAATCTATTGTCAGATCACTTAGGG-39; shAPC 5 sense oligonucleotide, 59-GATCCCCCAACTACAGTGAACGTTATTTCAAGAGAATAACG-TTCACTGTAGTTGTTTTTGGAAA-39 and shAPC 5 antisense oligonucleotide, 59-AGCTTTTCCAAAAACAACTACAGTGAACGTTATTCTCTTGAAATAA-CGTTCACTGTAGTTGGGG-39. Bold characters indicate the Apc mRNA targeting sequence; underlined characters indicate the 9-bp hairpin loop. Sequences of control oligonucleotides targeting luciferase were: sense oligonucleotide, 59-GATCCCCCGTACGCGGAATACTTCGATTCAAGAGA-TCGAAGTATTCCGCGTACGTTTTTGGAAA-39, antisense oligonucleotide, 59-AGCTTTTCCAAAAACGTACGCGGAATACTTCGATCTCTTGAATCGA-AGTATTCCGCGTACGGGG-39. The sense and antisense oligonucleotides were annealed and ligated into the BglII and HindIII sites of the pSuper vector. Cell culture and transfection. NIH/3T3 cells were grown in DMEM supplemented with 10% calf serum, sodium pyruvate, penicillin and streptomycin (Invitrogen). For live cell imaging, plasmid constructs were transfected with Effectene (Qiagen) according to the manufacturer's instructions. Twenty-four hours after transfection cells were plated for ,2 h on Lab-Tek coverglass chambers (Nalge nunc International) coated with 5 mg ml 21 fibronectin and fluorescence was visualized by confocal microscopy. Where indicated, cells were treated at 37 uC for 30 min with 10 mM nocodazole or 1 mM cytochalasin D. For pseudopodia/cell body fractionation or for shRNA-mediated knockdown experiments, cells were electroporated using the Gene Pulser II electroporation system (Bio-Rad) with plasmid constructs (5 mg per 6 3 10 6 cells) or with pSuper constructs encoding shRNAs (40 mg per 6 3 10 6 cells), respectively. Electroporation efficiency, based on co-transfected GFP, was generally .70%. Electroporated cells were processed after 72 h. Pseudopodia and cell body isolation. To isolate pseudopodia and cell bodies of cells induced to migrate with LPA, we followed the protocol described by ref. 13 with some modifications. Cells were serum-starved overnight and 1.5 3 10 6 cells were placed in the upper compartment of a Transwell insert (24-mm diameter, Costar) equipped with a 3-mm porous polycarbonate membrane coated on both sides with 5 mg ml 21 fibronectin. Cells were allowed to spread on the upper surface of the membrane for 2 h. LPA (150 ng ml 21 ) was then added in the bottom chamber to induce the cells to extend pseudopodial protrusions. After 1 h the cells were briefly rinsed with PBS and fixed with 0.3% methanol-free formaldehyde (Polysciences, Inc.) in PBS for 10 min at room temperature. Glycine was added to 250 mM for 5 min at room temperature and the cells were washed twice with PBS. To isolate pseudopodia, cell bodies on the upper membrane surface were manually removed with a cotton swab and laboratory paper and pseudopodia on the underside of the membrane were scraped into crosslink reversal buffer (100 mM Tris pH 6.8, 5 mM EDTA, 10 mM dithiothreitol and 1% SDS). Cell bodies were similarly isolated except that pseudopodia on the underside of the membrane were manually removed and cell bodies were scraped into crosslink reversal buffer. Extracts were incubated at 70 uC for 45 min to reverse the formaldehyde-induced crosslinks. Proteins were directly analysed by western blot otherwise total RNA was isolated and processed as described below.
For fractionation after nocodazole treatment, cells were processed as above except that nocodazole was added to 10 mM during the last 25 min of the assay.
To isolate pseudopodia and cell bodies of cells migrating towards fibronectin, ,1 3 10 6 cells were placed in serum-free media in the upper compartment of a Transwell insert equipped with a 3-mm porous polycarbonate membrane whose underside only was coated with 5 mg ml 21 fibronectin. Cells were allowed to extend pseudopodial protrusions towards the fibronectin-coated surface for 1 h and were subsequently fixed and processed as described above. RNA isolation and analysis. Total RNA or RNA from pseudopodia and cell body fractions was isolated using Trizol LS reagent (Invitrogen) and contaminating DNA was removed by treatment with RQ1 DNase (Promega) for 30 min at 37 uC. One microgram of RNA was reverse transcribed using SuperscriptII Reverse Transcriptase (Invitrogen) and random hexamer primers according to the manufacturer's instructions. cDNA was used for PCR reactions in a GeneAmp PCR System 9700 (Applied Biosystems) to detect different RNAs using the following primer pairs: Rab13 F 59-GCCTACCAGTGTTGGCTCTT-39, Rab13 R 59-TCCACGGTAATAGGCGGTAG-39, Rab13 UTR F 59-AGGCT-GCTAGCGAGCATTTCTTGCCTCCTAT-39, Rab13 UTR R 59-AATGGCTC-GAGCCATTCATTTCTTCTTCC-39; Pkp4 F 59-AGGCTGCTAGCCAGGGAA-GTGAGGAAACC-39, Pkp4 R 59-AATGGCTCGAGAAAACATGAAGGGCA-TCC-39; Ankrd25 F 59-TTCAAAGCCAGAAAGCCAAG-39, Ankrd25 R 59-AGGTGACAAAGGGTGGTGAG-39; Inpp1* F 59-TTTGAAGTGGAATGGG-GATAAC-39, Inpp1* R 59-AATAGTCAGATAGTCAAACTCATGG-39 (these primers detect a likely RNA isoform of Inpp1 with a longer 39 UTR); Apc F 59-CCTCTCACCGGAGTAAGCAG-39, Apc R 59-GTCGTCCTGGGAGGTAT-GAA-39; Arpc3 F 59-CACGGACATTGTGGATGAAG-39, Arpc3 R 59-CCACC-ACTTGCTGGCTTTAT-39; Flag Rab13 F 59-TAATACGACTCACTATAGGG-39, Flag Rab13 R 59-TCCACGGTAATAGGCGGTAG-39; b-globin F 59-TTGA-GTCCTTTGGGGATCTG-39, b-globin R 59-CACTGGTGGGGTGAATTCTT-39; b-actin F 59-TGTTACCAACTGGGACGACA-39, b-actin R 59-GCTGTGGT-GGTGAAGCTGTA-39.
The identity of the amplified products was verified either by sequencing or in the case of transfected RNAs by ensuring that no product was amplified when using RNA from vector-transfected cells. PCR reactions contained 10 mM TrisHCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 0.2 mM each dNTPs, 0.5 mM each primers and 2.5 U Taq polymerase. The amount of cDNA and the number of cycles were varied for each primer pair, to ensure amplification was within the linear phase. This was verified in all experiments by including decreasing amounts of selected samples.
To calculate the enrichment of RNAs in pseudopodia, equal amounts of RNA from pseudopodia and cell body fractions were analysed by RT-PCR, the signals were quantified using WCIF ImageJ software, normalized to the control Arpc3 mRNA and enrichment in pseudopodia was defined as (pseudopodia signal/cell body signal)21, when pseudopodia signal . cell body signal or as (21)3[(cell body signal/pseudopodia signal)21], when pseudopodia signal , cell body signal. Microarray analysis. Microarray analysis was performed at the Biomolecular Research Facility at the University of Virginia. Total RNA from pseudopodia and cell body fractions was analysed on an Agilent BioAnalyser and was deemed to be of good quality. Biotin-labelled cRNAs were generated and hybridized to GeneChip Mouse Genome 430 2.0 arrays (Affymetrix), which contain 45,000 probe sets analysing the expression level of over 39,000 transcripts and variants from over 34,000 well-characterized mouse genes. Details about the RNA preparation and hybridization protocols can be found at http://www.healthsystem. virginia.edu/internet/biomolec/microarray.cfm.
In all hybridization experiments, quality assessment variables, such as background, noise, GAPDH 39/59 ratio, were within the acceptance limits.
For experiments analysing pseudopodia and cell body fractions from cells induced with LPA, results were analysed using the GeneChip Operating Software (GCOS) platform. RNAs were considered to be significantly enriched in pseudopodia if the P-value was significant, the fold change in signal intensity was greater than 2.2 and the absolute difference in signal intensity was greater than 100.
For experiments analysing pseudopodia and cell body fractions from cells migrating towards fibronectin, results were analysed using the dChip software (http://www.dchip.org). RNAs were considered to be significantly enriched in pseudopodia if the P-value was less than 0.05, the fold change in signal intensity was greater than 1.5 and the absolute difference in signal intensity was greater than 10 times the noise level. Western blot, immunofluorescence and immunoprecipitation. For western blot and immunofluorescence, the following antibodies were used: mouse monoclonal anti-Ran (Transduction Laboratories), rabbit anti-pY397-FAK (Biosource International), monoclonal anti-FAK (BD Transduction Labs), anti-APC (C-20) (Santa Cruz Biotechnology), rabbit anti-PABP1 (Cell Signaling Technology), anti-FMRP (clone 1C3, Chemicon), anti-acetylated tubulin (Clone 6-11B-1, Sigma), anti-a-tubulin (clone DM1A, Sigma), antiGlu-tubulin (provided by G. Gundersen).
For immunoprecipitation, anti-APC (C-20) or control antibody (rabbit anti-HA tag, Santa Cruz Biotechnology) was bound on protein-A beads, otherwise anti-Flag M2 agarose beads (Sigma) were used. In all cases, antibody-bound beads were pre-incubated with 200 mg ml 21 Escherichia coli tRNA, 200 mg ml 21 herring sperm DNA, 200 mg ml 21 RNase-free BSA and 50 mg ml 21 glycogen. Cells spreading on fibronectin-coated plates for approximately 2 h were lysed in lysis buffer (10 mM Tris pH 7.5, 100 mM NaCl, 2.5 mM MgCl 2 , 0.5% Triton X-100) supplemented with protease inhibitors (leupeptin, pepstatin, aprotinin) and RNase inhibitor (0.5 U ml
21
). Lysates were centrifuged at 10,000g for 10 min and incubated with antibody-bound beads at 4 uC for 3 h. Beads were washed five times either with lysis buffer or, where indicated, with high stringency wash buffer (50 mM Tris pH 7.5, 500 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS). The immunoprecipitated material was released by incubation in lysis buffer containing 1% SDS. A fraction of the released material was analysed by western blot. The remainder was used for total RNA isolation and RT-PCR analysis. For RNase treatment, 1 mM CaCl 2 was added in the lysis buffer and after the initial centrifugation, RNase A (30 mg ml
) and micrococcal nuclease (70 U ml 21 ) were added, the lysate was incubated at 30 uC for 10 min and subsequently centrifuged at 10,000g for 5 min. The supernatant was used in immunoprecipitations as described above. Confocal microscopy and photobleaching. Imaging and photobleaching were performed with a Zeiss LSM 510 Meta confocal microscope operated by LSM-FCS software (Carl Zeiss). Temperature was maintained at 37 uC. Medium pH was controlled by addition of 25 mM HEPES buffer. EGFP was excited with the 488-nm line of an argon laser at 30% power, 5% transmission. mRFP, OFP and DsRed were excited with the 543-nm line of a HeNe laser at 80% transmission. For photobleaching, regions of interest were selected and bleached with the 488-nm laser line at 100% power, 100% transmission for two iterations. Fluorescence recovery within the region of interest was monitored for ,60 s. For each experiment, three images were recorded pre-bleach. Mean intensities in the bleached area were measured, background signal was subtracted, intensities were corrected for bleaching during imaging and were expressed as a percentage of the pre-bleach intensity.
